Endogenous electrical currents traverse embryos of a higher plant, the wild carrot Daucus carota L. Current enters the apical pole and leaves the region near the presumptive radicle in the radially symmetric globular embryo. Current also enters the exposed surfaces of incipient globular embryos. This electrical polarity precedes differentiation of vascular tissue and cotyledon development. Localized current is observed at both growing ends of the embryos in subsequent stages of embryogenesis. Inward current is found at the cotyledons; outward current is found at the radicle/root. Exogenous indole-3-acetic acid (3 ,uM) reversibly inhibits these currents. Little current traverses the surface of intermediate regions of the embryo. The ionic gradients generated by these currents may be important in accumulation of metabolites and in other developmental processes within the embryo.
indole-3-acetic acid (3 ,uM) reversibly inhibits these currents. Little current traverses the surface of intermediate regions of the embryo. The ionic gradients generated by these currents may be important in accumulation of metabolites and in other developmental processes within the embryo.
A specific pattern of endogenous current is associated with the earliest phase of cellular polarization in embryos of fucoid algae (1) . Such currents are found during growth and differentiation in a number of other organisms (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) , and these currents could affect development in several ways. Jaffe et al. (12) hypothesized that materials could be localized on the basis of their charge by such an endogenous field. Woodruff and Telfer tested this hypothesis by injecting fluorescent proteins of various charges into the oocytenurse cell complex of Cecropia (13) . Protein localization occurred as predicted on the basis of protein charge and the measured endogenous field of the oocyte system. Thus, materials can move as a result of their charge, but whether this is an important mechanism for localization of native proteins, etc., remains unknown. Another possible mechanism of action of an electrical field is to move proteins such as hormone receptors and ion channels in the plane of the membrane by lateral electrophoresis (14) . Such lateral electrophoresis, by imposing polarized transport, could have significant effects upon embryonic differentiation. Finally, the currents may result in gradients of certain ions that regulate some stages of embryonic differentiation.
Classical work by Lund and others demonstrated the existence of electrical fields around some higher plants (see references in ref. 15 ), but no information is available presently concerning the electrical properties of higher plant embryos. Embryogenesis has been especially difficult to study in higher plants because the young embryo is enclosed in the developing ovule. However, embryos can be derived in vitro from somatic cells of some higher plants (16) and such embryos of wild carrot (Daucus carota L.) were obtained for this study. We report below that electrical polarity is observed in the youngest globular embryos, and we describe the pattern of endogenous current traversing globular-, heart-, torpedo-, and plantlet-stage embryos. We have also examined the effect of auxins and cytokinins upon these currents. The vibrating probe used in this work was identical to that described by Jaffe and Nuccitelli (18) . The platinum black electrode was vibrated 30 gm (at closest approach) from the surface of the embryo. The direction of the vibration was perpendicular to the surface. The medium used for our electrical measurements was modified from that described by Wetherell (19) by reducing the KNO3 and NH4Cl concentrations to 20 mM and 5 mM, respectively, to provide a medium with a resistivity of 350 flcm. Such a medium will be referred to as the modified standard medium (MS medium).
MATERIALS AND METHODS
Indole-3-acetic acid (IAA) was purchased from Sigma and recrystallized. Zeatin and kinetin were also obtained from Sigma. Embryos were transferred between media with widebore pipettes.
RESULTS
An increase in current density is observed from the globular through plantlet stages in the carrot embryo, while the pat- The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Table 1 ). At the globular stage, current enters the apex of the embryo while current leaves regions close to the presumptive radicle. The magnitude of this current varies across the apical hemisphere. It is first observed at the apical pole ( Fig. la) and is subsequently greatest in subareas where cotyledon differentiation generally occurs (Fig. lb) .
Current continues to enter this area as the cotyledons differentiate (heart stage) and elongate (torpedo-plantlet stages). The current associated with the cotyledon is highest at its tip (Fig. 2) . The elongation zone of the radicle and root (torpedo and plantlet stages, respectively) has the highest density of outward current. This is especially evident at the plantlet stage, at which time little current leaves the root tip (Table  1) . This decline in current density may presage current reversal at the root tip (see Discussion).
Current density and growth were positively correlated within each stage. Rapidly growing material was required for measurement of currents through globular embryos. Measurements (not included in Table 1 ) made on one batch of very rapidly growing material were three to five times greater than usual at each stage, but the pattern of inward and outward current remained the same. In this material, current was measured entering the exposed portion of several very young globular embryos (Fig. 3 ). This portion of the embryo corresponds to the apical pole of an older embryo.
We have attempted to determine the ionic basis of the currents by varying the composition of the bathing medium. Replacement of K+, Cl-, Na', Ca2+, or Mg2+, one at a time, did not have short-term (1 hr or less) effects on the currents. However, altering the external pH did have an effect on the magnitude of the currents. Raising the pH from the normal value of 5.4 to 7.0 caused the current at the cotyledon to fall by about 30%; subsequent lowering of the pH to 4.0 caused the currents to increase to about three times the original level in pH 5.4 (Fig. 4) . If the pH was stepped from 5.4 directly to 4.0, the current increased, but by a smaller amount. Although the magnitude of the responses of the current to pH changes varied considerably, the direction of the responses in >20 embryos was always the same: an increase in pH from 5.4 reduced the current, whereas a decrease in pH increased the current. We conclude that H+ is a substantial component of the inward current. The identity of the ion carrying the outward current is not known. Further, it is clear 2. Late torpedo and early plantlet stages were used to study the effects of auxin on normal currents, since embryos are obtained in vitro by manipulation of the exogenous auxin levels (17, 20) . Embryos (n = 2) were exposed to 3 ,uM IAA and a rapid decrease in current density resulted (Fig. 5 and Table 2 ). This effect of exogenous IAA was detectable within about 3 min (i.e., as soon as specimen transfer and repositioning of the probe could be accomplished), with the current density falling to 64% + 12% of the pretreatment value within 12 min ( Table 2 ). The inhibition was reversible when the exogenous IAA was removed. Identical results at a faster rate were obtained following treatment of embryos with 30 ,uM IAA (n = 2). In contrast, micromolar concentrations of 2,4-D did not inhibit the currents even after 24 hr of continuous incubation (n = 5). Higher concentrations of 2,4-D (2 mM and above) did block the currents (n = 7); however, 2,4,6-trichlorophenoxyacetic acid (2,4,6-T), an analogue of 2,4-D that lacks auxin activity, had effects upon the embryonic currents that were parallel to those of 2,4-D (n = 4). We conclude that the effect of 2,4-D at millimolar levels is nonspecific. It may result from a depolarization of the plasma membranes of cells due to the properties of 2,4-D as a weak acid, an effect of 2,4-D suggested by Kennedy and Stewart (21) . Currents were unaffected by treatment for 1 hr with cytokinins (data not shown). Both 10 p.M zeatin (n = 2) and 10 ,uM kinetin (n = 3) were tested.
DISCUSSION
This study demonstrates that currents enter the apical pole (cotyledon) and leave the basal pole (radicle) of wild carrot embryos. We detected current entering the exposed portion (i.e., apical pole) of cell clusters that constituted the youngest recognizable stage of embryogenesis. The spatial pattern of current entering and leaving the embryo remained constant from the globular through the plantlet stages; however, current density increased at each stage of differentiation. These embryonic currents were inhibited reversibly by exogenous IAA (3 ,uM), whereas neither zeatin nor kinetin (10 ,uM) affected them. Data from experiments in which we altered the external pH suggest that a substantial portion of the embryonic current is carried by hydrogen ions, whereas replacements of K+, Cl-, Na+, Ca"+, and Mg2; are without short-term effect. A proton-carried current could function in the chemiosmotic transport of metabolites (e.g., sucrose, amino acids) into meristematic regions such as the cotyledons during early embryogenesis. In the stages we have examined, there is one region of high inward current density (the cotyledons) and one region of high outward current density (the elongation zone of the radicle). However, a decrease in outward current density at the tip of the radicle as it becomes a root (plantlet stage) probably represents early differentiation of a second region of inward current at the root tip. More rapid growth and differentiation of the root begins at this stage. Studies of endogenous currents through young (but not embryonic) plant roots (5, 8) have demonstrated a region of inward current at the root tip and through the portion of the elongation zone nearest the tip, with outward current characterizing most of the elongation zone. The role of inward current in growth is a question raised by previous vibrating probe studies. Such studies of growing plants are limited to cases in which tip growth occurs [i.e., germinated lily pollen (2, 4), germinated fucoid embryos (3), fungal filaments (10, 11)], with the exception of the two root studies (5, 8) mentioned above. In all of these cases, current enters the point of growth, but the recent study ofAchlya by Kropf et al. (11) emphasizes the importance to the growth process of the particular ions carrying the current rather than their net charge. In the fungus Achlya, the site of new growth becomes a locus of strong inward current during branch formation, but the tip of the primary filament continues to grow in the absence of detectable net current. In some cases, a transient outward current is observed at the tip of the original filament. After branch formation, both growing tips are traversed by inward current. Meristematic activity and elongation of the radicle occur in the presence of outward current in carrot embryos, as reported above. Assuming that an important function of the inward current at the cotyledons is to accumulate sucrose, etc., from the medium internal transport of such materials may be sufficient to sustain early growth at the radicle in small embryos. As the number of cells and length of the embryo increases, however, the root meristem would require a larger supply of nutrients, perhaps accounting for appearance of the inward current at the root tip, observed in other, more mature systems (5, 8) . Several other ions, presently unexamined, may carry part of the inward current at the cotyledon (e.g., bicarbonate efflux, ammonium influx).
Our observation that the addition of exogenous IAA reduces or eliminates the embryonic current is consistent with a proton-carried current. Exogenous IAA (10 ;LM) induces proton secretion (22, 23) so this might explain the rapid effects of exogenous IAA upon the current and subsequent disorganization of embryogenesis. The exogenous IAA would swamp endogenous gradients of both IAA and hydrogen ions. Embryonic uptake of 2,4-D appears to be very slow in comparison to that of IAA. Embryo 2 is illustrated in Fig. 5 .
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